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HIMMARY

Recentexperienceshaveindicatedthatanglesof sideslipin
rollingmaneuversmaybe criticalinthedesignofverticaltailsfor
currentresearchairplaneshavingweightdistributedmainlyalongthe
fuselage.Previousinvestigationshaveindicatedtheseriousnessof
theproblemfortheWorldWsrIItypeofairplane.Someprelhinary
calculationsforairplanesofcurrentdesign,particularlywithweight
distributedpri.msrilyalongthefuselage,aremadeherein.

Theresuitsofthisstudyindicatethatexistingsimplifiedewes-
sionsforcalculatingmaxbnumsideslipanglesto determinethevertical-
tailloadsinrollingmaneuversarenotgenerallyapplicableto air-
planesofcurrentdesign.A generalsplutionofthethreelinearized
lateralequationsofmotion,includingproduct-o~-inertiaterms,will
usuallyindicatewithsufficientaccuracythesideslipanglesexpected
inaileronrollsfromtrimmedflight.Inroll&ngpull-outs,however,
wherethepitchipgvelocityisrap,id,considerationof cross-couple
inertiatermsintheequationsofmotionisnecessaryto obtainthe
sideslipanglesaccurately.The“inclusionoftheequationofthe
pitchingmotionseemsdesirablealongwiththelateralequationsof “
motioninorderto obtaintheinfluenceofpitchinginthecross-couple
inertiatermsofthelateralequations.Pitchingoscillationsstarted
duringrollingmaneuverswillbe influencedby cross-coupleinertia
momentsin
affectthe

Large

pitchandmaycause’largevariationsinangleofattackwhich
horizontal-tailloads.

INTRODIKTION
,

anglesof sideslipandresultantlargevertical-tailloads
havebeenencounteredina flightofa high-speedswept-w3ngresesrch
airplaneandwithmodelsottwodesignsflownby theLangleyPilotless
MrcraftResearchDivision.Allthreeconfigurationsrolledabruptly

t
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whilepitchingup. Intheflightofonemodel,theverticaltail,
whichwasdesignedby conventionalmethods,waslostduringtherolling .,‘
maneuwer.ThemotionforaKlflightsappearedtobe essentiallya
rollingabouktheX bodyaxiswhileathighanglesofattack.Theair-
planeandbothmodelswererepresentativeofa&planeconfigurations I
withweightdistribtiedmainlyalongt~ fuselagesuchthatthemoments
of inertiainpitchsadyawweremuchlargerthanthemomentof inertia ,
inroll.Thus,withregardto inertia,theairplaneandmodelswere
muchmoreproneto rollingthantoyaw3ngorpitching.Themaneuvers /
mentionedwereapparentlyuncontrolledandwerepossiblytheresultof
thestallofonewingbeforetheother,buttheratesof rollwerenot
abnormallyhigh.Fromgeneralconsiderationtheexistingtechniques /“

<
fordetermmngcriticaldesignvertical-tailloadsseemtobe somewhat
inadequateforsomecurrentairplanedesignsandmassdistributions.“

Theproblemof determiningcriticalvertical-tailloadsinrolling
maneuvershadbeenrecognizedforconventionalairplanesofthepast II
decade(referenceslto 3). Theseinvestigationsindicatedthat I
vertical-tailloadscsabe calculated’withsufficietiaccuracyprovided ‘,

thesideslipangle,rudderdeflection,anddynamicpressureareknown. I
Theinvestigationsalsopresentedsimplifiedexpressionsforestimating
themaximumsidesliyangleinrollingmaneuvers.Theresultsdetermined
by thesimplifiedexpressionofreference3 wereincloseagreementwith
resultsfoundby morerigorousexpressionsandwithflightresultsfor
airplanesofWorldWarIItypeflyinginthatperiod(1946). Examina- ‘
tionofthesimplifiede~ressio~indicatesthatcerttinassumptions
andMnitationsweremaderegardingthevaluesof someaerodynamic
derivativesandrangesofmassdistributionsconsidered.Subsequent
studieshaveindicatedthattheseassumptionsgenerallyarenotappli-
cableforcurrentatiplanedesignssfmilarto existingresearch
drplanes.

Thevertical-tailloadina sideslipisproportionalto thevalue
ofthe.sideslipangleand,ashasbeenassumedinthepreviouswork,is
assumedtobe a criterionforvertical-taildesign.Thepurposeofthis
paperisto presenttheresultsofpreliminaryestimationsoftheside-
slipangleinrollingmaneuversforwhichtheassumptionsandlimits-
tionsusedinthesimplifiedexpressionsofpreviousworkarenot
included.SomepreliminaryesthationQare-alsoincludedto determine
whetherlimitationofthemotionina rollingmaneuver
lateraldegreesof freedom,ashaspreviouslybeenthe
seriouslyinfluencethesideslipestimations.

tothethree
practice,can

0
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comIcIENTsANDSYMBOIS

,

.

Themotionspresentedhereinwerecalculatedabouteitheroftwo
systemsofaxes,thestabilityaxesandthebodyaxes,theuseof
eithersystemdependingonconvenience.A diagramofbothsystemsof
axesshowingtheyositivedirectionsoftheforcesandmomentsis
presentedinfigure1. Thecoefficientsandsymbolspresentedmaybe
consideredto applyto eithersystemofaxesexceptwherenoted.
dynamicderivatives,

Aero-
normallyavailablerelativeto stabilityaxes,

weretransposedby themethodsofreference4 whenbodyaxeswereused.

Cy

c1

cm

. Cn

()Lliftcoefficient—$V2S
2

()

Ylateral-forcecoefficient—
‘*

rolling-momentcoefficient

()

Lr

>&b

pitching-moment ()Mcoefficient
*%F

W*-moment coefficient

()

N

&@Sb

al incrementofrolling-momentcoefficientcausedby
ailerondeflection

Lcn incrementof
deflection

yawing-momentcoefficientcausedby aileron

L lift,pounds

Y lateralforce, pounds

L1 rollingmoment,foot-pounds

M pitchingmoment,foot-pounds

N “ yawingmoment,foot-pounds\
c

s wingarea, square feet

b wingspan,feet
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F meanaerodynamicchord,feet,

P airdensity,slugspercubicfoot

v velocity,fe’etpersecond

Ix >Iyo~Izo mometisofinertiaaboutX, Y, and Z principalaxes,
o n

% Iy)IZ

%

m

w

n

a

AZ

u,v,w

respectively,slug-feet=

momentsof inertiaaboutX, Y, and Z stabilityaxes,
respectively,slug-feet2

productof inertia(positivewhenprincipalaxisis
incl@edabovetheflightpath),slug-feet2

‘ relativede’mitycoefficietibasedon span (m/&b)

massofairplane,slugs (w/i3)

weightofairplane,pounds

componentofweightalongY-sxis

accelerationdueto gravity,32.2
second

feetpersecondper .

normalaccelerationdividedby accelerationdueto gravity “

angleofattack
( ()
assumedtobe equalto tan-l~ inthe

)bodysystemofaxes, radiansexceptwhenotherwise “
,

noted

incrementaofangleofattackfrom

angleof sideslip,radiansexcept

(sin-l+)

trimmedcondition

whenotherwisenoted

componentsof velocityV alongthe X, Y, and Z body
axes,reSpeCtiV’elyjv isalsocomponentof V along
Y stability&isj feetpersecond

rateof changeof v withtime

amgleofpitch,radiansexceptwhenotherwisenoted

●
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.

horq

torr

. .
9
..,.
e

acn
cq3=m-

angleof

angleof

yaw,radiansexceptwhenotherwisenoted

rollingangularvelocity,radianspersecondexceptwhen
otherwisenoted -

pitchingangularvelocity,radianspersecondexceptwhen
otherwisenoted

yawingangularvelocity,radiansyersecondexceptwhen
otherwisenoted

rateof changeof

rateof’changeof

rateof’changeof

rateof changeof

acn
Cnp= ~

2V

acn
C%=z

2V

roll.,radiansexceptwhenotherwisenoted

angle-ofsideslipwithtime

rolJ.ingangularvelocitywithtime

yawingangularvelocitywithtime

~itchingangulsrvelocitywiththe

,.-
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GENERALCONSIDEIUT!IONS

Considerationhasbeengivento variousexistingmethodsfor
calculatinganglesof sideslipinrollingmaneuvers.Limitationsin
theseprocedureswhichmaycriticallyinfluencethesideslipangles
forairplanesofcurrentdesignhavebeeninvestigatedandaredis-
cussedbrieflyherein.

Simplifiedexpressions,ashas previouslybeenntied)we presented
inpreviousstudiesforthedeterminationofthemaximumsideslipangle
inrol.ling.maneuvers.Thesimplifiedexpressionofreference1 gives
thesideslipanglenecessarytobalancecombinedyawingmomentscaused
by theailerons(LCn)andby rollingCnp . Theewession ofrefer-

()
ence3 isthesameasthatofreference1 butwithan analyticemptiical .
factorof2 andis

$ .l~zcL
max 4C55

(1) “

Stabilitystudiesmibsequenttothestudyofreferences,suchas
references5 and6, haveindicatedthattheassumptionsusedinthis
simplifiedexpressionarenotapplicableforsomecurrentconfigura-
tions. Also,therangeofmassparametersusedto evaluateth3.sexpres-
sionwaslimited;theratioofvaluesof Iz/Ix studiedinreference3

wasfrom1*to # whereassomecurrenthigh-speedairplanedesigns3’
haveratiosoftheorderof5 to 12. Theeffectofthesedifferences
forcurrentairplanedesignsshouldbe evaluatedto justifyanyfurther
useofthesimplifiede~ression(equation(l)).

A morerigorousexpressionusedto setup designchartsforthe .
maximumsideslipangleinrollingmaneuversisalsopresentedinrefer-
ence3. Thisexpressionisbasedonthelinearizedlateralequations
ofmotioninwhichtheproduct-of-inertiatermshavebeenomitted.With “
theadventofthefuselage-heavyloadingstheproduct-of-inertiaterms

—. —. ..—— ——— —- - —- - — —.— ——.
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will be large,
the‘motionand

particularlyathighanglesofattack,andmayinfluence
themaximumangleof sideslipinrollingmaneuvers.An

evaluationoftheeffectsofproductsof inertiaonthemaximumside-
slipanglesestimatedinrollingmaneuversforairplanesofcurrent
designsthereforeshouldbemade.

Anotherpointforconsiderationinestimatingsideslipanglesin
rollingmaneuvers,particularlywhenrollsoccurinpull-ups,maybe
cross-coupleinertiamometiswhichexistwhenbothlateralandlongi-
tudinalmotionsoccurtogether.Theeffectsofcross-coupleinertia
momentsmaybe particularlyimportantwhentheweightisdistribtied
primarilyalongthefuselage.It isbelievedthereforethattheeffects
ofthesecross-coupleinertia’momentsonthesideslipangleinrolling
maneuversalsoshouldbe evaluated.

MEI!KODOFANAIYSIS

Inorderto evaltitetheeffectsofthevariousparametersand
changesinparameterswhichmayinfluenceestimatesof sideslipangles
inrollingmaneuversofcurrentairplaneconfigurations,a preliminary
studyofrollingmaneuversoftwoa-lane configurations.wasmade.
Calculationsweremadeofthevariationof sideslipanglewithtimein
rollingmaneuversby ananalyticsolutionofthelinearizedlateral
equationsofmotion,lothwithandwithoutproduct-of-iner%iaterms,
andby a step-by-stepintegrationofequationsofmotionthataremore
completethanthelinearizedlateralequationsofmotion.Themaxhum
angleof sideslipwasalsocalculatedby useofthesimplifiedexpres-
sionofreference3 (equation(l)).

Thethreelineszi!zedlateralequationsofmotionused,with
product-of-inertiatermsincluded,me

I

.
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Solutionoftheseequationswasfiderelativetothestabilitysystem I
ofaxes. .

Inorderto evaluatetheeffeetsof cross-coupleinertiatermson
rollingandyawingmotions,thepitchingvelocitymustbe included;
thereforea fourthdegreeoffreedomisnecessary,thepitchingdegree
offreedom.Itwasassumedthatchangesinaccelerationsalongthe
X- andZ-axeswouldnotbe sufficientinthetimenecessaryto roll. 4
90°to influencetheresultantmotiongreatly.Becausethecross-
coupleinertiatermsareno@.tiear,an analyticsolutionwasnotpos-
sibleanda step-by-stepintegrationwasmade. Thestep-by-stepmethod
usedwasNer’s method,br~flyoutlinedinreference7. Euler’s
-cd equatio~forthefourdegreesoffreedomare

( )L’=Ix&Iy-Iz&i
o 0 0

.“

M=

N=

Y= m(++u$_-@)-lly .
J

(3)

Solutionoftheseequationswasmaderelativeto thebodyaxe,s
(assumedtobe theprincipalsxes);thereforeproduct-of-inertiaterms
donotappear.Theseequationsasusedinthestep-by-depintegration
werewrittenasfollows: .

( )(IXO% - Iy - Iz j$ - &.
)
lV%b=O~+AC2@%B~ + C,zp2V+ %r 2’Vo 0

.

( )(IY6- Iz -Ix&
c% 1

!?!24V’2S5=0&+crnq~2p
o 0 0

..

( )(
& k+~n>v~m=oIzo$- Ix -lYo@- CW~+C~W+%r2v

o )

.

. —._ . .

(4a)

(hb)

(k) ‘

1-

.—
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.
Theexpressionfortheweightcomponentinthe.side-forceequa-

tion(kd)isappro-te butisconsidered.tobe sufficiemldyaccurate
providedtheangleofattackdoesnotbecomeexcessivelylargeor have
largevariations.

Inorderto evaluatetheangleofattackforuseinequations(4),
anadditionalequationwasusedwherebytheangleofattackwas
esthatedforeachstepofthecalculations.

Forallcalculationsmadethemaneuverwasconsideredtobe
initiatedby an abruptailerondeflection,therudderbeingheldfixed.
Theailerondeflectionwasconsideredtobe constantthroughoutthe
maneuver.Themotionwaspresumedtotakeplaceapproximatelyin@
horizontalplaneforallcalculations.Theseassumptio~are conserm-
tiveinthattheyresultin somewl@larger’estha.tedsideslipangles
thanthosethatwouldbe obtainedinactualflightwherea finitetime
isrequiredto reachmaxhmm’ailerondeflectionsorwherethemotion
isnotina horizontalplane,asmaybe trueparticularlyfora rollin
a pull-up.Forthecaseofthe pull-upmaneuverthe“assumptionwas
madethattheinitialpitching,velocityhadno influenceon changesin
theangleofattackbutthatonlyadditional-pitchingvelocities
affectedthisangle.

CAiCULATIOiS

Thesideslipangleswerecq.lculatedby eachofthevariousmethods
fortwoairplaneshaving-differentstabilityderivatives.Theaero-
dynamicandphysicalparametersforthetwoairplanesarelistedin
tableI. Theaerod-c parametersandstabilityderivativesfor
airplaneA (tableI)srethosewhichmightbe representativeofan ati-
planehavinga longfuselageandashort-spanthinwing.It shouldbe
notedthatthestabilityderivativesC

%
and C2

B
arerelatively

large.Theaerodynamiccharacteristicsforairpla&B (tableI)were
takenfromconfiguration1 ofreference’S;”thenecesparypitching
derivativeswereassumed.Forthiqcasethevaluesbf C

w
anacz;

F
wereconsiderablysmallerthanthoseofairplaneA. Inordertomak
computationsof sideslipfora conditionshilarto oneforconfigun.
tion1 ofreference3; thevalueof LCz ofairpl~ B wastakentf ‘

-..
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Mz CL
make — — equalto 120andthevalueof &n wastakenasequal

c% c%
ACzCL

to ~ ~. Thevalueof C
%

usedforthesecalculationswasassmned
P

tobe constantthroughotitherollingmotion.Theeffectofaileron
deflectionontherotarywashofthewingatthetailwasnotincluded
inthevalueof C used.Forspecificcases,however,consideration

‘P
ofthiseffectshouldbe made. b addition,becausethemotionscon-
sideredhereinhaveaccelerationsinroll,a lagintherotarywashof
thewingatthetailwillexistandwillaffectthevalueofthemoment

c% % actm atw ‘iven‘tat “
Considerationofthiseffect

shouldbemadeina specificcase.A discussionoftherotarywashof
theWQ onthetailisgiveninreference6.

Themassparametersusedforthecalculationsoneachofthetwo
airplanesarelistedintableH. Twoloadingswereusedforeachair-
plane.ForairplaneA loadbg1 wassuchthat Izx 121x and
Iy - Ix~ llIx andloading2 wassuchthat Iz% 21X and Ix - Iy= O.
Loading1 fora&planeB wastakenforconfiguration1 ofreference3
for Mb = 30;a pitchingmomentof inertiawasassumed.Loading2 for
airplaneB wassimilarto loading1 ofairplaneA.

Estimationsofthesides13psinglesinrollingmaneuversweremade
foreachofthevsriousmethods-for-thefollowing-flightconditions:

Airplane

A

A

A

B

B

Loading

1

2

1

1

2

Flightcondition

Aileronrollfrom
trimmedflight

Aileronrollfrom
trimmedflight

6g @-Out

Aileronrollfrom
trimmedflight

Aileronrollfrom
trimmedfkbzht

Initial
angleof
attack
(deg)

10

10

13

12

12

CL

0.6

.6

.78

.9

.9

(ft/Iec)

419

419

900

286

286

— -—
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Thecalculationswere
. Themotionforeachflight

basedon sea-levelairdensityp of 0.002378.
conditionwascalculatedby eachofthe

variousmethodsthrough-approximately90°ofroll. F&rthestep-by-step
solutiomtheaerodynamicderivatives, referredto thebodyaxes,were
assumedtobe constantmd thusindependerrtofangleofattackforthe
rangeofangleofattackobtained.Fortheanalyticsolutionofthe

I laterdl.equationsofmotiontheangleofattackisassumedtobe con-
. stantandthus,of’course,theaerodynamicderivativesarealsoconstxmt..

Theresultsforthestep-by-stepsolutionsarepresentedinfig-
‘ures2 to 6 forthevariousconditionslistedintheprevioustable.
Showninfigures2 to 6 arethevariationsofangulardisplacementand
@ar velQcitYaboutthethreebodyaxeswithtime,aswellasthe
vsriationoftheangleof sideslipandtheangleofattackwithtime.
Theresultsfortheanalyticsolutionsofthethreelateralequations
ofmotionbothwithandwithouttheeffectsofproductsof inertiaof
thevsriationofthesideslipanglewithtimeforthevariousconditions
listedintheprevioustablearepresentedinfigures7to 11. The
variationof sideslipanglewithtimeforthestep-by-stepsolutions
isalsopresentedinfigures7 to U.forcomparativepurposes.

Inthestep-by-stepprocedure;an increm&tofthe isusedwhich
ingeneralshouldbe relativelysmall.A sufficientlysmallincrement
oftimeshouldbe chosensoasto obtaintheproperresult.Ingeneral,
largetimeincrementstendto indicatea lessstablemotionandthus
mayindicatelargermaxirmmvaluesof sideslipthanniayactuallyetist.
Ifthemotionstendtobe irregular,smallerincrementsoftime’maybe
necessarythanwhenthevariationsofthemotionaresmall.As an
exampleoftheeffectofdifferenttimeincrements,thetrimmedflight
solutionforairplaneA, loading1,wasbrieflystudiedforthreetime
increments;theeffectsonthesideslipangieareshowninfigure12.
Forthestep-by-stepcalculationspresentedherein,bniefstudieswere
madeoftheeffectsoftimeincrementsfidsufficientlysmallvalues
wereusedsothatthemaximumsid,eslipanglemaybe consideredtobe
accuratewithin1/2°. .

RESULTSANDDISCUSSION‘

AirplaieA -

TheresultsforairplaneAwith themassdistributedmostlyalong
thefuselage(loading1) showthatby thestep-by-stepmethoda maximum
sideslipofabout

*
0 W’aSobtained,(.fig.2): Thesolutionoftheline-,-

arizedlateralequationsof,rn~”ioq~.inylu@ng:~roduct-of-fieitia’ternk,,, ,..,-

. , . .—- —— ____ _ —. -- –—.— -c .—.—___ _. ——.. –—-
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gavea maximumSideSlipangleofabout$O; whereasthesolutionofthe

linearizedlateralequationswithotiproduct-of-inertiatermsgavea

msximumsideslipangleof~“ (fig.7). Solutionofthesimplified

expressionofreference3 (equation(1))givesa resultforthemaximum
sideslipan@e ofonly2°.

Theresultsfora&planeA forthesecondloadingwhere IX and
~ wereequalamdeachapproximatelyone-halfofIZ shuwamsxhum
angleofsideslipofabout~“ bythestep-by-stepcalculations(fig.3).o
ThesolutionoftheHnesriiedlateralequationofmotion,including
product-of-inertiaterms,gavea nmd.mumangleof sideslip~fabout2~0

andthesolutionwithoutproduct-of-inertiatermsgavea maximumside-
slipangleofappro-tely 2° (fig.8). Thesimplifiedexpressionof
reference3,equation(1),givesa valueofmsxhumsideslipangleof2°.

Theresultsforthe6gpull-upforairplaneA, loading1, (fig.4)
arefora relativelyhighvelocityof900feetpersecond(Machnuniber
ofapproximate-0.83).(ThestabilityderivativesintableI forair-
planeA wereusedwithoutconsiderationof~m~ompressibilityeffects.)

A maximumangleof sideslipofapproximately~- wasobtainedby the

step-by-stepmethod.Thelinearizedlateralequationsofmotion,
includingproduct-of-inertiaterms,gavea maxdmumangleof sideslip

1°Of about~ (fig. 9); whereasthelinearizedlateralequations
excludingproduct-of-inertiatermsgavea msximumsideslipangleof

lo
only2= . Thesimplifiedexpressionofreference3 (equatic&(1))gives

a msxb valueof sideslipangleforthiscaseofabout~ . Itmay

be of interestto notethatthevalueofmaximumsideslipangleobtained
fortherollingpull-upby themorecompletemethodswassomewhatin
excessofthemaxhumvaluesforwhichshilarrecentresesrchairplanes
havebeendesigned.

As ummarizationoftheseresultsforthemaximumanglesof side-
slipforeachairplaneconditionandmethodof calculationispresented
intableIII. Thevalueslistedareapproximateinthattheyhavebeen
roundedtothenearest1/4°.

Theresultsfora&planeA foraileronrollsintrimmedflight
(loadings1 and2)by thestep-by-stepmethodandby a solutionofthe
linearizedlateralequations,includingproduct-of-inertiaterms,com-
parefavorablybothinthemaximumsideslipanditsvariationwithtime

— — -.
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.

(figs.7 and8). Itappears,therefore,thatthepitchingvelocities
whichareincludedinthestep-by-stepsolutionsdidnotappreciably’
influencethesideslipanglesthroughthecross-coupleinertiamometis
inyaw (Ix- Iy);~androll(Iy- IZ)~~.Thesolutionoftheline-
arizedlateralequationsofmotion,includingproduct-of-inertiaterms,
thereforeappearstobe adequateforestimatingthemaximumangleof
sideslipwhenthepitchingmotionisrelativelysmall. .

.

Forthecaseofthe6gpull-up,however,thelinearizedsolution
underestbwtedthemaximumsideslipsingleobtainedby thestep-by-step
solutionby approximately20percentandthevariationof sideslip
anglewithtime(fig.9) is somewhatdifferentforthesolutionofthe
linearizedlateralequations(includingproduct-of-inertiaterms)and
forthestep-by-stepsolution.Theperiodsofthemotionforthetwo
solutionsareswar butthedampingcharacteristicsappeartobe
considerablydifferent.Thisdifferenceisinagreementwithrefer-
ence8 whichindicatesthatin steadyrollingcross-coupleinertia
momentscausechangesin stabilitywhenthedirectionalandlongitudinal
stabilitiesaredifferent.Thedifferencesindicatesomeinfluenceof
thepitchingmotiononthelateralmotionthroughthecross-couple
inertiam?~entsresulting?:omthepitching,thesemometisbeing

(Ix - Iy)@ and (Iy- Iz)l@foryawingandrolling,respectively.

Thiseffectforthepull-upcaseappearstobe theresultofthemuch
largerpitchingveloci~associatedwiththepull-outmaneuverthan
existedfortheaileronrollsfromtrimmedflightwheretheagreement
by thetwosolutiomwasgoodbothforthemaximumsideslipaswell
as itsvariationwithtime(figs.7 and8). Itappearstherefore,that
forrollsinpull-outswhenthepitchingvelocityislarge,sideslip
anglesshouldbe calculatedby themorecompletestep-by-stepmethodof
thenonlinearequationsofmotionwhichincludecross-coupleinertia
terms.

Therateofroll @ forairplaneA, loading1,bothforthe
aileronrollfromtrimmedflightandthe6gpull-out(figs.2 and4)
variedconsiderablyduringpartofthemotion,apparentlybeingdepen-
dentuponthesideslipangleandupon C2P(thedihedraleffect).A

maximumvalueof pb/2V ofaboti0.03wasobtainedforbothcases;

/
whereasthevalueof AC2C2 , thesteady-statevalueof pb/2V for

P
therollingdegreeoffreedom,wouldbe about0.088forbothcases.
Forloading2 (wheretheweightismoreheavilydistributedalongthe
wingthanforloading1)theairplanero12edslowerthanforthefirst
loadingandthemaximumvalueof pb/2V attainedwasabout0.023as

~comparedagainwiththevalueof AC Cz
P

of0.098.Sincethesimplified

.
.!
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expressionofreference3 (equation(l))isbasedona substitutionof

/~2 %P for pb/2V,agreementinthesepsxametersappearsessential

tothevaliduseofequation(l).ForairplaneA theseparameterswere
appreciablydifferent.Forloading1 eitherfortheaileronroll.from
trimmedflightorthe6g@U-out, thesimplifiedexpressionappreciably
underestimatedthevalueofmaximumsideslipangle.Becauseofdif-

/
ferencesinthevaluesof N7 Cz and pb/2Vtheagreementindicated

P
by theshrplifiedexpressionad othermethodsofcalculationforati-
planeA, loading2 (aileronrollfromtrimmedflight),appearstobe
onlycoincidetial.Itappears,therefore,thatthesimplifiedexpres-
sionisnotgenerallyapplicableforairplanesofthetypeofairplaneA. ‘

Theeffectsofproductsof inertiaonthemaximumangleof sideslip
anditsvariationwithtimeareshownby thecomparisonofthesolutions
ofthelateralequationsbothwithandwithoutproductsof inbrtiain
figures7 to 9 forthevariousconditionscalculatedforairplaneA.
Soltiionswithouttheproduct-of-inertiatermsundere6t5matedthe
msxtmumsideslipsingleas obtainedby themorecompletemethodsof
calculation.Theeffectoftheproductsof inertiaonthesideslip
angleappearstobe pr~ily aneffectontheyawingmoment,wherethe
componentofmomentis @Ire. Ingeneralthiseffect(forpositive
valuesof I= as existforthecasesconside~edherein)isto
increasethemaximumsideslipangle,provided@ ispositivepriorto
thetimethenwdmum

.
sideslipangleisreached.Itisalsoof Merest

to notethatproductsofinertiahadana~reciableinfluenceonthe
periodofthemotionaswellasthedampingofthemotionforthis 1
airplane ascalculatedby thelinearizedIateralequations,boththe
periodandthe to dampoftheoscillationsbeingshortenedby the
productsofinertia(tableIV).

Ashaspreciouslybeenindicated,thepitchingmotionandthe
resultingcross-coupleinertiamomentsdonotappreciablyinfluence
themotionorthemaximumsideslipanglefortheaileronrollsfrom
trimmedf~ght (figs.7 and8). Thedifferencesbetweentheresults
forloadings1 and2 thusseemtobe causedby thedifferencesinthe
valueof Ix,loading2 leadingto a smallervalueofmaximumsideslip.
Becauseoftheincreasedvalueof Ix forthesecondloading,theair-
planerolledslowerthanforthefirstlotihgj henceata giveninstant
oftime pb/2VwassmallerandthemomentC

%% ‘Mchwas ‘a
directiontoincreasethesideslipanglewassmallerthanforthefirst
loading.Airplaneswhichrollfastmaythereforetendto encounter
lagervaluesofpwrimumsideslipthanthosewhichrollslow.

.
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As anextremeexampleoftheeffectsofinertia,considera case
of infiniteinertiaabouttheZ- andY-axesandsomefiniteinertia
abouttheX-axis.Roll~ aboutthe X bodyatiswouldcausemxbnum
sideslipanglesequalto theinitialangleofattack,andtheangleof
attackwouldvarythougha rangeofplusandminustheipitialvalue
ofangleofattack.It isappareti,therefore,thattheinitialangle
ofattackisimportantto anystudymadeandthatthemostserious
conditionwouldbe oneoftherollingpull-outwheretheangleofattack
islargeandthespeedishigh.

As isimpliedinthepreviousdiscussion,whentherollingmotion
ofanairplaneisconsideredaboutthebodyaxis,increasedrollresults
indecreasedangleofattack.Becausetheairplanehasstaticstability
(anda finitevalueof Iy),theairplanetendedtomaintainitsorig-
inaltrimangleforairplaneA, anda pitchingoscillationwasstarted
(figs.2(b),3(b),andk(b)). Thecross-coupleinertiamomentinpitch

(Iz- ““Ix)@_forallcasesforairplaneA wash a directionto cause
theairplanetotrimatangleofattackgreaterthantheoriginaltrim.. .
anglebecause@

The results
(configuration1

and ~ Werebothalwayspositive,as is Iz - lX.

AirplaneB

of step-by-stepcalculationsforairplaneB, loading1
ofreference3),gavea vaiueofmsximumangleof side-

slipofapproximately2~0 (fig.5). Thesolutionofthelinearized

lateralequationsofmotion,includingproduct-of-inertiaterms,gave
a maximumsideslipangleofabout24°;whereasthesolutionoftheline-
arizedlateralequationsofmotionwithoutproduct-of-inertiatermsgave
a maximumsideslipmgle ofabout2’70(fig.10). Thesimplifiedexpres-
sionofreference3 (equation(1))givesa valueofapproximately30°.

TheresultsforthesecondloadingforatiplaneB (fig.6) indicate
o

thata maximumsideslipangleofabout2$ wasattainedby thestep-by-
stepmethod.Thesolutionofthelinearizedlateralequationsofmotion,
includingproduct-of-inertiaterms,gavea maximumsideslipangleof

lo
about2% whichcomparesfavorablywiththevalueof2~0 obtainedby
thestep-by-stepmethod.Thevariationof sideslipanglewithtimealso
comparesfavorablyforthetwomethods(fig.U.). A solutionofthe
linearizedlateralequations,excludingproduct-of-inertiaeffects,
gavea maximumsideslipangleofabout30°. Thesimplifiedexpression
ofreference3 (equation(l))gives’smaximumsideslipangleofabout30°
forthiscase. ‘

—. ...— — __— ._ ——z —.— -..—.—-— —..—.—— ..—.—.— —.—..
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TheseresultsofapproxhatemaximumsideslipanglesforairplaneB
arelistedintableIII. As wasindicatedforairplaneA, thevaluesin
tableIIIhavebeenroundedto thenesxest1/4°.

.

.

AswasthecaseforairplaneA foraileronrollsfromtrimmedflight
theagreementwasgoodbetweenthemudmumsideslipangleandthevaria-
tionofsideslipsinglewithtimebetweenthestep-by-stepsolutionand
thesolutionofthelinearizedlateralequationsincludingproduct-of-
inertiatermsforairplaneB (figs.10andl-l).Theseresultsalso
indicatethatt~epitchingmotio?.andresultingcross-coupleinertia
terms(Ix- Iy)E@and(Iy- Iz)&#forrollsfromtrimmedflightare
notsufficientto influencethemaximumsideslipangle.

ForairplaneB therolli@velocity~ kriedwidelybecauseof
thedihedraleffectresultingfrom.thelargesideslipangles.Maximum
valuesof pb/2V of0.041’and0.048wereobtainedforloadings1 and2,
respectively.Thevalueof NZ/CZp,thesteady-statevalueof pb/2V
fortherollingdegreeoffreedom,was0.053.Substitutionof2C2/C2p

for Tb/2V inthesimplifiedexpressionofreference3 (equation(1))
thereforeseemstobemorenearlyaccurateforthisairplanethanit
wasforairplaneA andtheagreementofthesimplifiedexpressionwith
themorecompletesoltiionsmaybe-consideredbetterforthisairplane
thanforairplaneA. It isof interestto note,however,thatthe
simplifiedexpressionoveresttiatedthemsximumsideslipangleforair- .
planeB,whereasithadUn.deresthtedthevaluesforairplaneA.

ForbothloadingsforairplaneB, thesolutionofthelinearized ,.

lateralequations,excludingproduct-of-mrtiate~> leadsto larger
maxbmnysides~panglesthanwereobtainedwhenproductsofitieriawere
included(figs.10andU). Thisresultoccursprimarilybecausethe
rollingaccelerationwasnegatiwforsometimeprior>othe timethe
maxhumsideslipanglewasreachedandthemomentId intheyawing-
momentequationwassuchasto reducethesideslipangle.

Theresultsfora~lane B showedlittleinfluenceofloadingon
themax.hmsideslipangle(figs.5 and6)foraileronrollsfromtrimmed
flight. Thedifferencesinloadings1 and2 for’airplaneBwerea change
inthevalueofboth Ix and IZ (tableII). Sticet~ s~~ valueof
Cn$ forairplaneB leadto largevaluesofsideslipangles,the dihedral
effectCzQp becamea predominantmomentinrollandtheresultant
ratesofr~l.1forbothloadlngsformostofthemotionwerenotappre-

ciablydifferent. &
‘e roomedc~2v ‘as’‘hereforea‘mla fOrbOth

loadings,thissimilaritycontributinginp&rttotheagreementinside-
slipanglesforthetwoloadings.

—
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ForbothloadingsonairplaneB, an osci~ation~
wasstartedabouttheinitialtrimangle,ofattack,the
tendingtobe divergent(figs.5(b)and6(b)).Maximum
#o ~ ~lo
2

~ fromthetrimangleofattackwereobtained

amgleofattack
oscillation
deviationsof
forloadings1

and 2, respectively.Forthisairplanethecross-coupleinertiamoment
inpitch(Iz- Ix)~$changedsi~ dur~ themotion~t~t the~ues. .
of # and v changedsi~j whereasforairplaneA thesevalueswere
of constantsign.Thisvariationof signofthismomentmayhave
augmentedtheoscillationinangleofattack.Itappearsthat,ifthe
motionwereallowedto progress,largervariatio~fia~le ofattack
andevennegativeanglesofattackmaybe encountered.Variationsof
angleofattackofthistypeasencounteredinrollingmaneuversmaybe’
problemsforconsiderationinhorizontal-taildesigns.

BecauseaccelerationsalongtheZ-axiswerenotconsidered,the
effectof &@z wasneglected.Theeffectof aC~~ wasalso
neglected,sincethisderivativewasomittedfromthepitchingequation.
Inclusionofthesefactorswouldhavecauseda somewhatmoreheamUy
dampedpitchingoscillationandsomewhatsmallervariationsinangle
ofattackthanarepresented.Theeffectsofpitchingcausedby changes
inangleofattackonthesideslipangle,throughthecross-couple
inertiamoments,have,however,beenshowntobe relatinlysmall.;
whereastheeffectofan initial.pitchingvelocity(whichisnot
influencedby theomissionEdiscussed)as inthe6gpull-upfor’air-
planeA doeshavesomeinfluenceonthesideslipangles.

ComparisonofAirplmesA andB

Ashaspreviouslybeennoted,thesecondloadingforatrplaneB is
nearlythesameas loading1 forairplaneA;

1

herefore,thesignificsmt
differenceintheresultsinfigures2 and6 maximumvaluesof 13 of

%
lo

1 and24-
)

p , respectivelyiscausedby differencesintheaerodynamic

forcesandmomentsacting.Oneprimarydifferenceforthesetwocases
isthevalueof C% (directional-stabilityderivative).Forlowvalues
of C% (airplaneB) largevaluesof sideslipanglewereobtained
(about25°)j whereasforlargevaluesof C% (airplaneA) smallvalues

ofmaximumsideslipanglewereobtained(about50). Itappears,there-
fore,that C~ isa criticalparameterforvertical-taildesign.

As haspreviouslybeennoted,changesinloadingforairplaneA ad
anappreciableeffectonthemaximumangleof sideslip;whereaschar:s

..— —. -.—_— ——— —— ..— —— —.-
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inloadingforairplaneB hadrelativelylittleinfluenceonthemaximum
sideslipsingle.ForairplaneA, forwhichtheanglesof sideslipwere
relativelysmall(oftheorder“of5°)becauseofthelargevalueof Cnp>
thechangeinloadingcausedprimarilya chamgeintherateofroll

@
ad ‘he ‘- ‘omtis c%) 2V wereappreciablydifferent.Thismoment

contributedtothediffere~cesinsideslipsingle.ForairplaneB the
relativelysmallvalueofthedtiec~ional-stabmty derivative c%
aUowedtheairplaneto reachlsrgesideslipangles,andthedihedral
effectsrisingfromtheselargesideslipanglescausedtheratesofroll
tobe smallandsimilarforbothloadingssuchthatthecontributions

@ were SimilSJ?2a
Of CnP 2V

s weretheresultantsideslipangles.

Forairplanes ofcurrentdesignforhigh-speedhigh-altitudeflight,
thetrendsinaerodynamiccharacteristics,particularincreasingvalues
of C%, appesrtobe suchasto causesmallersideslipanglesin
rollingmaneuversthanwereencounteredwiththeWorldWarIItypeof
airplane.Thechange”sinaerot@amiccharacteristicsappear,therefore,
to causea changeintheorderofmagmitudeofthemaxhumsideslip
angles.Itisimportantto note,however,thatvertical-tailsizesas
well.asairspeedshavetendedto increaseforthesecurrentdesignsand
hencethevertical-tailloadsmaybe lsrgeinspiteofthesmalll.erside-
slipangles.Changesinmassdistribtiionappearto influencecriticaUy
themaxhumsideslipangleonlyforairplsaesofcurrentdesignwhere
thesideslipanglesmaybe relativelysmall. ,

COCCLUSIONS

Theresultsoftheinvestigationpresentedhereingivethefollowing
indicationswithregardto sideslipanglesandresultantvertical-tail
loadsinrollingmaneuversforcurrenthigh-speedairplanes:

1.Exist@ shplifiedexpressionsforcalculatingmaxhumsideslip
anglesinrollingmaneuverswillgreatlyundereathate the~ side-
slipangleforsomeconditions.

2. Solutionofthethreelinearizedlateralequationsofmotion,
includingproduct-of-inefiiaterms,willgenerallyindicatewithsuf-
ficientaccuracythesideslipanglesexpectedinaileronroU.sfrom
trimmedflight.

3. In rollingpull-outswherethepitchingvelocityisrapid,
inclusionoftheequationofpitctingmotionalongwiththelateral

—.—
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equationsofmotionandconsiderationofcross-coupleinertiatermsis
necesmryto obtainthemaximumsideslipanglesaccurately.

4.Trendsinaerodynamiccharacteristics,particularlyincreasing
valuesof C% (therateofchangeoftheyawing-momentcoefficientdue
to sideslip),appeartobe suchasto causesmallermaximumsideslip
anglesthanwereencounteredinthepastalthoughthevertical-tail
loadsmaybe largebecauseofthehigherairspeeds.Forthecaseof
largeC!%,variationsinmassdistributionmaycriticallyaffectthe
maximumsideslipangle.

5. Pitchingoscillationsstartedduringtherollingmationwil,lbe
influencedby cross-coupleinertiamomembsandmaycauselargevaria-
tionsinangleofattackwhichaffectthehorizotial-tailloads.

LangleyAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronatiics

kngleyField,Va.,December7,1951

.
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TABLEI.-AERODYNAMICANDDIM?JISIONALCHARACT!ERISTKX3
I

@erodynsmiccharacteristicsarereferredto stabilityaxes]

Airplane A

Wingarea,sift....... . . . . . . . . . 166.5
Wingspan,ft....... . . . . . . . . . . 22.7
Meanaerodpamicchord,ft. . . . . . . . . . . 7.84
CZP,perdegree. . . . . . . . . . . . . ...-0.0032

CW, psrdegree. . . . . . . . . . . ... . . . 0.0065
CyP,perdegree. . . . . . . . . . . . . . . . -0.015

C2p,perradian . . . . . . . . . . . . . . . . -0.225

C%, perradian . . . . . . . . . . . . . . . . -0.130

Czr,perradism . . . . . . . . . . . . . . . . 0.235
C%, perradian. . . . . . . . . . . . . . . . -1.090

Cmq,perradian. . . . . . . . . . . . . . . . -9.000
C%, perdegree. . . . . . . . . . . . . ...-0.0167

X2... . . . . . . . . . . . . . . . . . . . 0.0197
Len . . . . . . . . . . . . . . . . . . . ...-0.0035

Airplane

2L

B

248
38.3
6.87

-0.0010

0.00040
-0.0075

-0.455

-0.044

0.198
-0.0669

-9.000

-0.0174

0.0242
-0.00299

v

---. — .— .—. — —--.——— — .–z. — — —.-— — . .
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TABLEII.- MASSCHARACTERISTICS

Airplanerelative Momentsofinertia
Weight (slug-ftz)

Loading (lb)
densitycoefficient,

~b IX Iy Iz

A~lane A

1 20,828 n.9 5,381 63,971-65,559
2 20,828 D*9 34,676 34,676 65,559

AirplaneB

1 =,800 30 14,900 26,000 39,750
2 ~,800 30 5,381 63,971-65,559 .

.

.

.—. — —-
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(equatton(1))

2

2 2

I 123
IL lw-o~lzl “2 I 2 12

I MrRlaneB

27 30

30 30



24 mm m 2633
.

.

I

BCILLATORY STABllJII!YTABLEIV.- LATERAL

Product-of-inertia Product-of-inertia
effectsincluded effectsexcluded

Flight
condition

Lf3ading PeriodofTimeto dsq
oscilla-to one-half
*ion amd-itude

Periodof
oscilla-
tion
(see)

Timeto damp
to one-half
amplitude
(see)(see) I ~sec)

Airplane A

Aileronroll
fromtrhmned 1
levelflight

1.98 1.85 2.83 78.1

Aileronroll
fromtrimmed 2
levelflight

2.83 3.62 3.802.95

.

● !57.84 1.34 2.36

5.52 6.85
Aileronroll
fromtrhmed
levelflight

6.61 42.7

22.5

1

2.89 7*95
Aileronroll
fromtrimmed
levelflight

8.402

.

.-
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x= ‘

relativewind

‘i
z

Stabilitysystemof axes . ..

L

.. . .Body systemof axes

Figure1..Sketchdepictingthestabilityandbodysystemsof~es.
Eachviewpresentsa planeof“theaxessystemas tiewedalongtl
thirdaXiS. n

—-. ——. — .. . . .
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Fi~e 9.-CmsparLsonofa solutionby step-by-stepnethodanda solution
Oflinearizedktertiequationsofthevariationofangleor sideBlip
with timefar a@laue A, loadlng1, when rolledh a 6g pull-out.
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Figure10.- Comparisonof a solutionby step-by-stepmethodand a solution
of linearizedlateralequat.ionsof the variationof amgleof 13id.eslip
with timefor airplaneB, loading1, when rolledfrom trimmedflight
at an angleof attackof 12°.
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Figure11.- Comparisonof a solutionby step-by-stepmethodand a solution
of linearizedlateralequation9of the variationof ~gle of s.ideelip
with the for airph,neB$ loading2, when rolledfran trimnedflight
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Figure12.- Effectsof ‘differenttime Incrementson the variationwith
the and the ~ valueof sidedip anglefor airplaneA, loading1,
when rollingfromtrlmrnedfllghtat an angleof attackof 10°. Step-
by-stepmethod.
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